Objective: The purpose of this study was to determine whether exercise training could precondition the myocardium against hydrogen peroxide (H O )-induced damage. Methods: Male Fischer 344 rats ran on a treadmill for 9 weeks (60 min / day, 22 m / min, 68 grade, 5 exposure, but was elevated (P,0.05) 72% in SED and 40% in ET after 20 min, and was 2.2-fold greater in SED than ET (P,0.05) after 25 min. Heat shock protein 70 was 2.1-fold greater in ET than SED (P,0.05), but ET did not change catalase and glutathione peroxidase.
. Introduction
chronic exercise prevented the accumulation of oxidatively modified proteins in the myocardium after 3 weeks of in Reactive oxygen species (ROS) have been implicated in vivo IP administration of the pro-oxidant t-butyl hydromyocardial dysfunction associated with several events, peroxide. Although this is an interesting finding, it is not including ischemia-reperfusion injury [1] , congestive heart clear if adaptations within the heart or other loci within the failure [2] [3] [4] , and normal aging [5, 6] . While it is known body could be responsible for the observed protection. that exercise can generate ROS [7] , it is not known Furthermore, t-butyl hydroperoxide is not produced in vivo whether chronic exercise training affects the heart's ability and its toxic effects are irreversible [14] , which may also to tolerate a direct pro-oxidant challenge. The well-docucomplicate interpretation of the results. There is no data mented finding that exercise training can protect the heart available concerning the effects of exercise on the ability against injury caused by ischemia and subsequent reperfuof the heart to tolerate direct exposure to oxidative stress. sion [8] [9] [10] [11] [12] provides indirect evidence for increased
The purpose of the present investigation was to study tolerance to ROS. However, it is also possible that exercise the effect of a chronic exercise program upon the ability of may be cardioprotective by a mechanism unrelated to the heart to tolerate direct exposure to hydrogen peroxide ROS. A recent study by Radak et al. [13] reported that (H O ), a reactive oxygen species. Rats ran on a motor- 2 2 ized treadmill following a moderate protocol that previously has been found to provide cardioprotection against ischemia-reperfusion injury [8, 10] . The 9-week exercise of CO and peak systolic pressure (SP). After switching protocol has also been found to increase the cardioprofrom Langendorff to working mode, hearts were perfused tective protein heat shock protein 70 (HSP 70), but not for 10 min with H O -free buffer, then for 20 min with 2 2 change left ventricle antioxidant enzyme activities [10]. buffer containing 150 mM H O . After 20 min, the pump 2 2 After the training protocol, isolated perfused working function of the hearts was insufficient to maintain adequate hearts of exercised and sedentary animals were compared perfusion pressure, so they were returned to the Langenfor changes in mechanical function and lactate dehydrodorff mode for 5 min. The final 5 min was important for genase (LDH) release during the H O exposure. Hydrocomparisons of LDH release, which increased dramatically 2 2 gen peroxide was selected as the pro-oxidant because it during this time period. Hearts were perfused with H O - 2 2 diffuses readily throughout the heart and is a well-known free buffer during the final 5 min for two reasons: (1) O -5% CO . Animals were anesthetized with an intramM EDTA, pH 7.4). An aliquot was treated with 1.7% 2 2 peritoneal injection of 40 mg / kg body weight of sodium Triton X-100 (v / v, f.c.), centrifuged at 15003g for 10 pentobarbital, and 100 IU of heparin was injected into the min, and the supernatant used to determine cytochrome c inferior vena cava. Hearts were rapidly excised, weighed, oxidase content spectrophotometrically as described by and mounted on the perfusion apparatus as described Balaban et al. [18] . The reduced (2 mM cyanide)-oxidized previously [12] . All values were normalized for heart wet spectrum at 605-630 nm, with an extinction coefficient of weight. Hearts were initially perfused for 30 min in a 10.8 / mM / cm, was used to calculate the concentration. All non-recirculating retrograde, or Langendorff, mode at a assays were performed in triplicate and the mean value perfusion pressure of 80 cm H O. Working heart function used. For antioxidant enzyme assays, a portion of the left 2 was evaluated at an atrial filling pressure of 12.5 mmHg ventricle was homogenized (1:20 wt / vol) with a Teflonand an afterload set by an 80 cm high aortic column (ID glass homogenizer in 50 mM K HPO , 0.1 mM EDTA, 2 4 3.18 mm). Coronary flow (CF) and aortic flow (AF) were 0.1% (v / v) Triton X-100, pH 7.4. After centrifugation at determined by timed collection of the effluent dripping off 15003g for 10 min, the supernatant was analyzed for the heart and aortic column overflow, respectively. Cardiac catalase activity polarographically using a Clark-type output (CO) was determined as the sum of CF and AF, and oxygen electrode according to Del Rio et al. [19] and cardiac external work (COxSP) was defined as the product glutathione peroxidase was measured by spectrophoto- Table 1 tests, a probability level of ,0.05 was used as the decision decreased body weight accounted for the higher (P,0.05) metric analysis at 340 nm according to Gunzler and Flohe heart weight-to-body weight ratio of ET as compared to [20] . All tissue preparation steps were carried out at SED. Cytochrome oxidase in gastrocnemius muscle was ice-cold temperatures and enzyme assays were run at 25 measured as a marker of mitochondrial changes in active 8C.
skeletal muscles with training. The magnitude of the exercise-related increase reflects the moderate intensity of 2 .5. Lactate dehydrogenase and GSSG release the exercise program and is similar to that reported by Harris and Starnes [10], who used a similar exercise Coronary effluent samples were used to determine LDH protocol and found a significant preconditioning effect release using a standard kinetics assay of the rate of against ischemia reperfusion injury. decline in NADH absorbance at 340 nm as lactate is generated from pyruvate under non-limiting substrate 3 .2. Cardiac function and lactate dehydrogenase release conditions. Elevated LDH release indicates that the sarcolemma has become damaged and is one of the most Prior to H O exposure there were no differences (P. 2 2 widely used markers of tissue injury. Although necrosis 0.05) between groups for CO, heart rate, or SP (Table 2) . will certainly result in cytosolic enzyme leakage [21] , its
Pre-H O COxSP (summarized in Fig. 1A ) was 49936147 2 2 initial occurrence may precede evidence of necrosis [22] . ml / min / g3mmHg in SED and 50986199 in ET (P. Glutathione disulfide (GSSG) release (a marker of oxida-0.05). In both groups, COxSP did not decrease during the tive stress) was determined according to Sies and Akerinitial 5 min of H O exposure, but ultimately dropped to 2 .6. Statistical analysis baseline in SED (P,0.05) and 46% in ET (P,0.05 vs. SED) even though myocardial mechanical function was Descriptive data (means6S.E.) were calculated for each unchanged in both groups. CF then gradually declined as dependent variable. Overall group differences were anamechanical function decreased in both groups, but relyzed using a one-way ANOVA. When appropriate, postmained higher in ET compared to SED throughout (P, hoc analyses were made using a Tukeys HSD test. In all 0.05). Myocardial LDH release (summarized in Fig. 1C ) considerably greater than ET at both 20 and 25 min (P,0.05).
.3. Heat shock protein and antioxidant enzymes
The concentration of HSP 70 in the left ventricle of ET was found to be greater (P,0.05) than that of SED (Fig.  2) . The results for left ventricular catalase and glutathione peroxidase activities are displayed in Table 3 . Neither of these H O scavenging enzymes was increased at the 95% 2 2 level of confidence after the 9-week exercise program. These findings are also in agreement with those reported by Harris and Starnes [10] after a similar 9-week exercise protocol. The addition of H O to the perfusion buffer 2 2 increased myocardial GSSG release approximately twofold within 5 min in both groups. However, consistent with the lack of change in antioxidant enzymes, the amount of GSSG released during the H O exposure was similar in 2 2 both groups at all time points (data not shown).
. Discussion
Hydrogen peroxide is a widely used and well-characterized model for studying oxidative stress and is known to It is produced at several locations in the heart when SOD Ca exchanger [31] . Since exercise training is reported to calcium homeostasis, ATP depletion, vasodilatation or exchanger hypothesis is in conflict with those who support vascular dysfunction, necrosis, and apoptosis [1, 15, [24] [25] [26] . cellular energy depletion as the underlying cause of ionic In the present study, we found that chronic moderate dysfunction. Yanagida et al. [26] carried out a very elegant exercise will precondition the myocardium by attenuating NMR-based study using isolated perfused hearts exposed membrane damage (Fig. 1C) will not prevent H O -induced left ventricular dysfunction functional and energetic depletion, occurred before sub-2 2 1 (Fig. 1A) . stantial accumulation of intracellular Na . The observation that the decline in myocardial function Although exercise training did not appear to protect preceded an increase of LDH release indicates that the pump function during the initial H O exposure, it does 2 2 H O is directly regulating the activity of specific proteins appear to attenuate myocardial injury as indicated by lower 2 2 prior to the onset of myocardial injury. This temporal LDH release in ET. The cardioprotective effects of exerrelationship is consistent with the recent finding of Zeitz et cise against ischemia-reperfusion injury have been attribual.
[27], who reported that the hydroxyl radical causes ted to an increase in myocardial HSP 70 [10, 11, 34, 35] and myocardial dysfunction in the absence of necrosis by this chaperone may also be at least partially responsible for 1 1 specifically activating the Na / H exchanger. Another the protection against H O -induced necrosis. It has been 2 2 indication that the decline in function observed herein is reported that heat-shocked cells are resistant to the toxic not related to irreversible necrosis comes from the study of effects of H O , and that both the inducible and the 2 2 Skjelbakken et al. [15] , who demonstrated that cardiac constitutive form of the protein can confer this resistance dysfunction associated with exposure to 180 mM H O for [36, 37] . Su et al. [38] have also shown that cells over- and glutathione peroxidase, were not observed to be perfused rat hearts in less than 30 min [39] . Park et al. [40] upregulated in the heart after adaptation to chronic exercise and Clerk et al. [39] characterized the function of JNK as training (Table 3) . Lack of changes in these antioxidant being involved in pathways leading to cell death, thus it enzymes is consistent with other studies with exercise may have a role in the cellular damage associated with programs of similar and greater intensity than the one used both ischemia-reperfusion injury and H O -mediated in- Evidence is accumulating in support of a Na / H activation of JNK in cells [40] and in isolated perfused exchanger hypothesis for the initial cardiac dysfunction mouse hearts [41] , thereby protecting against its potentially associated with physiological concentrations of H O damaging effects. Further research into the role of MAP 2 2 (,200 mM without added iron). Hoque and Karmazyn kinases in short-term injury is necessary to elucidate their [29] reported that pharmacological inhibition of the sarmechanism of action. H O -induced contractile dysfunction in isolated perfused observed in SED are consistent with previously reported 2 2 rat hearts. Direct evidence that H O increases the activity findings [15] . The enhanced elevation observed in ET has 2 2 of the exchanger, and the mechanism for the increase, was not been previously reported and may be due to an recently reported in two independent studies using adult rat exercise-induced increase in nitric oxide synthase (NOS) ventricular myocytes [24, 30] . These studies found that [42] . H O induces a nitric oxide-dependent vasodilatation 2 2 1 1 50-100 mM H O activated the sarcolemma Na / H [43] , thus an elevation of NOS would be expected to 2 2 exchanger in less than 10 min via activation of extracellufurther enhance the flow response. Another plausible lar signal-stimulated kinase (ERK) and protein kinase C.
explanation for the enhanced flow in ET is that exercise 1 21 Furthermore, the study by Wei et al. [24] also reported a caused an increase in the endothelial Na / Ca exrapid decrease in contractility. The cardiac dysfunction that changer, which has been implicated in the H O -induced
occurs by activation of the Na / H exchanger is thought increase in coronary flow [25] . This exercise-induced 1 to be due to a significant elevation of intercellular Na , adaptation could potentially have a protective effect cardiac function after ischemia in the isolated, working rat heart. against H O and ischemia-reperfusion injury by assuring 2 2 Am J Physiol 1992;263:H804-H809.
adequate perfusion during these stresses.
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